10

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

Long-term variability of dust events in Iceland (1949-2011)

P. Dagsson-Waldhauserova' ?, O. Arnalds®, and H. Olafsson®®*

[1]{Agricultural University of Iceland, HvanneyrBorgarnes, Iceland}

[2]{University of Iceland, Department of Physicseykjavik, Iceland}

[3]{Icelandic Meteorological Office, Reykjavik, I@nd}

[4]{Bergen School of Meteorology, Geophysical Ihste, University of Bergen, Norway}

Correspondence to: P. Dagsson-Waldhauserova (@évia.is)

Abstract

Long-term frequency of atmospheric dust observatwas investigated for the southern part
of Iceland and interpreted together with earlieuits obtained from Northeast (NE) Iceland
(Dagsson-Waldhauserova et al., 2013). In total,r @& dust days per year on average
occurred in Iceland based on conventionally usedbstyc codes for dust observations.
However, frequent volcanic eruptions with the regension of volcanic materials and dust
haze increased the number of dust events fouri88 lust days annually). The position of
the Icelandic low determined whether dust eventsiwed in NE (16.4 dust days annually) or
in southern (S) part of Iceland (about 18 dust daysually). The most dust-frequent decade
in S Iceland was the 1960s while the most frequexctde in NE Iceland was the 2000s. A
total of 32 severe dust storms (visibility < 500 wgs observed in Iceland with the highest
frequency during the 2000s in S Iceland. The Ardtist events (NE Iceland) were typically
warm, occurring during summer/autumn (May-Septejnéied during mild SW winds, while
the Sub-Arctic dust events (S Iceland) were mairdyd, occurring during winter/spring
(March—May) and during strong NE winds. About heff the dust events in S Iceland
occurred in winter or at sub-zero temperatures.ofdgcorrelation was found between BM
concentrations and visibility during dust observas at the stations Vik and Storhofdi. This
study shows that Iceland is among the dustiestsaséshe world and dust is emitted year-

round.
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1 Introduction

Frequency of dust episodes is monitored around roétlye major desert areas of the world.
Detailed and long-term studies on wind erosion alality can potentially explain the
climatological and environmental changes in the.dasriodical dust occurrences can affect
ecosystem fertility and spatial and temporal disifion of animal and vegetation species
similarly to climate variations (Fields et al., Z)1Oceanic ecosystems receive high amounts
of nutrient rich dust spread over large areas wheserts occur near the sea (Arnalds et al.,
2014). The long-term dust variability studies basedneteorological observations present up
to 90 years old records from North America, Afriéaja and Australia (N TchayiMbourou et
al., 1997; Qian et al., 2002; Natsagdorj et alQ2&Ekstrom et al., 2004; Jamalizadeh et al.,
2008; Steenburgh et al., 2012). Engelstaedter. €2@03) reported high dust activity at many
weather stations located in high-latitude regio@sld climate regions are represented by
long-term dust frequency in Northeast Iceland (BagsWaldhauserova et al., 2013). Dust
emission intensity and deposition rates in actilaeigl environment have been found very
high, in some cases far exceeding those in lowgudes (Bullard, 2013). Ganopolski et al.
(2009) calculated glaciogenic dust deposition >gBfyr” at the last glacial maximum with
highest rates over north-western Europe. Recethigyhighest deposition rates of glaciogenic
dust > 500 gmyr™ are reported from Iceland (Arnalds, 2010, see Bldtard, 2013).

Dust events in Arctic/Sub-Arctic region have bedrsarved in Alaska (Nickling, 1978;

Crusius et al.,, 2011), Greenland (Bullard, 2013)algard (Dornbrack et al., 2010) and
Iceland (Arnalds, 2010; Prospero et al., 2012; @&hosdottir and Arnalds, 2012). Arctic

coastal zones are considered as the windiest regiorEarth (Eldridge, 1980). Strong winds
in Iceland are causing some of the most extremal wirosion events recorded on Earth
(Arnalds et al., 2013).

The highest dust emissions in Arctic regions asoesated with summer and early autumn
(Nickling, 1978; Bullard, 2013; Dagsson-Waldhauseret al., 2013). Dust concentrations in

Sub-Arctic regions peak in spring (April-June, Rr@® et al., 2012). Contrarily, cold and

winter periods were of higher glaciogenic dust dggmn than warm periods in the past

(Ganopolski et al., 2009). Dust events are freqaening dry years (Steenburgh et al., 2012;
Dagsson-Waldhauserova et al., 2013), but suspethaitchas also been observed during high
precipitation and low wind conditions (Dagsson-Weldserova et al., 2014).
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Iceland is an important source of volcanic sedimehtt are subjected to intense aeolian
activity (Arnalds, 2010; Prospero et al., 2012; fnmsdottir and Arnalds, 2012; Arnalds et
al., 2013) and is likely the largest glaciogenicstdgource area in the Arctic/Sub-Arctic
region. Total emissions of dust from Icelandic demtirces are of the range 30 to 40 million
tons annually with 5-14 million tons deposited aalhuover the Atlantic and Arctic Oceans
(Arnalds et al., 2014). Seven major dust plume ggihave been identified (Arnalds, 2010).
These sources are all in vicinity of glaciers. Thest active glacial flood plain,
Dyngjusandur, covers an area of about 276 tith up to 10 m thick sediments and is the
main source for dust events in NE Iceland and tde/érctic (Dagsson-Waldhauserova et al.,
2013). The major dust sources in South Iceland Skeidararsandur, Myrdalssandur,
Meelifellssandur, Landeyjasandur resulting in dushgport towards Europe during northerly
winds, but alternatively towards Reykjavik and NoAmerica during easterly winds. The
Hagavatn plume area is the source for frequent elestits passing Reykjavik and the ocean
southwest of Iceland towards North America. Glaeiug dust from the Meelifellssandur area
contains fine sharp-tipped shards with bubbles&nhébo of the particulate matter is volcanic
glass rich in heavy metals (Dagsson-Waldhauserbah,e£2014). Such physical properties of
the particles allow rapid suspension of moist phas within only a few hours after rairis.

situ measurements from other dust plume areas arevaibdlale.

Dust suspension is related to reduced visibilityandy et al. (2008) found a good correlation
between PNy concentrations and visibility during dust obseiwat The visibility-dust
relationship can be used to estimate dust condemtrevhere no aerosol mass concentration
measurements are conducted (Dagsson-Waldhausdralva2913). The relationship between
dust concentration and visibility has, however, loe¢n investigated previously in Iceland.

The main objectives of this study were to expldre lbng-term (63 years) frequency of dust
events in Iceland. Emphasis was given on determitiia climatology and character of Arctic
and Sub-Arctic dust events. In addition, the relahip between available dust
concentrations and visibility during dust obsematwas investigated and the frequency of

dust events placed in an international perspective.

2 Methods

2.1 Meteorological data and PM measurements
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A network of 30 weather stations (15 in S Icela®dn NE Iceland, and 7 in NW Iceland)
operated by the Icelandic Meteorological Office whesen for the study (Figure 1). Note the
closer distance of the weather stations to the stustces (red areas) in S Iceland than in NE
Iceland. Table 1 shows the duration of station afp@n with majority of stations in operation
since 1949. The data consist of conventional metegical parameters such as wind
velocity, wind direction, temperature and visilyijiiaccompanied by visual observations of
present weather. Notice that visibility was not smead but estimated by the observer, e.g.,
on the basis of the visibility of and known distarto several landmarks. Present weather
refers to atmospheric phenomena occurring at the &f observation, or which has occurred
preceding the time of observation (IMO, 1981). Byaoptic codes (ww) for present weather
which refer to dust observation are 7-9, and 3@8%O, 2009). In addition, codes 4-6 are
considered, but only if the codes for primary acas®lary past weather (wwl, ww2) are 3 for
blowing soil, dust, sand and dust storm (IMO, 19BAgsson-Waldhauserova et al., 2013).
The weather reports were made 3-8 times a day.

Meteorological observations (synoptic codes fortdosluding 04-06 and visibility) were
evaluated with available particulate matter (PM)smaoncentrations data provided by the
Environmental Agency of Iceland (EAI). The PM10alatere obtained from the permanent
station in Reykjavik (Grensasvegur, since 1996) dedhporary stations in Vik and
Kirkjubaejarklaustur (2010-2011). The Reykjavik ®statis equipped with Thermo EMS
Andersen FH 62 I-R instrument, the Kirkjubaejarktaustation with the Grimm EDM 365
and the Vik station with Thermo 5014. Distance leswthe meteorological and EAI stations
in Reykjavik and Kirkjubaejarklaustur is about oriboeter and several kilometers in Vik.
Data set of dust concentrations (1997-2002, 20i@n fthe High-volume Filter Aerosol
Sampler in Vestmannaeyjar (Westmann Islands) wad @ evaluation of the dust codes
and visibility at the Storhofdi station (Prospetoag, 2012). Daily dust concentrations were
correlated with the minimum visibility reported fnodust observations during the preceding
24 hours.

Most of the conventional dust studies do not inelwynoptic codes 04-06 for “Visibility

reduced by volcanic ashes”, “Dust haze” and “Wideag dust in suspension in the air” into
the criteria for dust observation (Dagsson-Waldbems et al.,, 2013). Comparing these
codes with available dust concentration measuresr&rdwed that PM10 concentration > 41

ngm* (about twice the mean concentration) was exceé@dathout 80 % of the 04-06 code
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cases. We did not include these codes in this teng-dust day study except that the primary
or secondary past weather (wwl or ww2) was codéat Blowing soil, dust, sand and dust
storm. We included the codes 04-06 in case of gyfeoncentration and visibility analysis
(see Chapter 2.2).

2.2 Analysis

The initial dataset was built from the occurrentédust observation“ made at one or more
weather stations. Long-term dust activity was esged in dust days. A “dust day‘ was
defined as a day when at least one station recatlighst one dust observation. About 29%
of the observations did not include information the present weather and they were

excluded from the dataset. Dust event (DE) refethe dust observation.

Dust concentration measurements can be compardtietoveather observations at few
stations in South Iceland and for a short time qaeriFor the stations where RM

measurements were available, we applied a poweessign to determine the relationship
between dust concentrations and visibility duringstdcodes including 04-06 (methods
detailed in Wang et al., 2008). Visibility duringist observation was used to classify the

severity of dust events in the past (Dagsson-Walskrava et al., 2013).

3 Results

3.1 Frequency, spatial and temporal variability in dust production

A mean of 34.4 dust days per year was observecdelarid during the period 1949-2011. An
annual mean of 16.4 dust days (total of 1033 daws recorded in NE Iceland (Dagsson-
Waldhauserova et.a2013) and about 17.9 dust days (total of 1153 )daysouthern parts of
Iceland in 1949-2011. Figure 2 shows that the ndost active decade in Iceland was the
1960s while the lowest number of dust days occuimetthie 1980s. For the southern part of
Iceland, the highest frequency of dust events wake 1950s-1960s, whereas the 2000s was
the most frequent decade in the NE Iceland. Then&xtiadir station (NE) is the dustiest
weather observation location in Iceland with > i&tddays annually. The following dusty
stations with > 3 dust days annually are represemelable 2: Hofn (S), Vatnsskardsholar
(S), Egilsstadir (NE), and Hella (S). The statianth highest dust frequency in southern part
of Iceland are displayed in Figure 2 (NE stationblighed in Dagsson-Waldhauserova et al

5
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2013a). The stations Hofn and Vatnsskardsholarrtegdiighest number of dust days in the
1950s-1960s, the station Hella observed highest gersod in the 1960s-1970s and a new
station in Hjardarland (established in 1990) was tost active in the 2000s. Dust events
were less severe in the 2000s than in the 19508s1@9lected by increased visibility during
dust observations. Mean visibility during dust alagons in S Iceland was 23.3 km
indicating more severe dust events in S than iMBdceland (mean DE visibility 26.7 km)
or that weather stations in S Iceland are closenagor dust sources. Including codes 04-06
into the criteria for dust observation, the anmmaln dust-day frequency was 135 dust days
with 101 dust days observed in S Iceland and 3#¢dhays in NE Iceland.

3.1.1. Annual and seasonal dust day variability

The annual number of dust days in 1949-2011 isatieghiin Figure 3. The dustiest years were
1955, 1966 and 2010, when over 55 dust days oatamaually. The least dusty period was
1987-1990 with 11-15 dust days annually. Dust evexturred more frequently in southern
part of Iceland than in NE Iceland in 1949-195462:9975, 1978-1981, and 2009-2011. The
NE dust events were observed more often in 1953;19676-1977, 1982-1986, and 1992-
2008 (except 1994, 2003). There is a tendencytheeithe south or the north being more
active at a given time. Dust events observed irthsoost of Iceland and NE Iceland usually
do not occur the same dust day. The years withivelp severe dust events (and annual
visibility during dust observations < 15 km) wei@9, 1966, 1975, 1996, and 1998.

The seasonal distribution of dust days in soutlpamt of Iceland showed that about 47 % of
dust events occurred in winter (Nov-March) or dgrsub-zero temperatures. Dust days, as
shown in Figure 4, were most often in May (18 %dakt days), April (13 %) and March
(11%). The lowest occurrence of dust days (< 6 %$ w January, December, August and
September. Contrarily, dust events in NE Icelanduoed mainly in summer and early

autumn (May-September, Dagsson-Waldhauserova 2088).

3.2 Climatology of dust events

3.2.1. Long-term trends in meteorological parameters of dust events

The mean DE temperature in southern part of Icelaasl 3°C with minimum 1.4°C in the
1960s and maximum 5°C in the 2000s (Figure 5A).r&éhgas a great variability in DE
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temperatures, especially during the most active desade, the 1960s. The DE were the
coldest in NE Iceland during the 1960s as well, thhet warmest DE period was the 1950s
(Dagsson-Waldhauserova et al., 2013). The meareBipédrature in the NE was significantly
higher than in S Iceland, about 10.5°C. The tentpesadifferences are only related to dust
observation because the mean annual temperat@weuith Iceland (T = 4.7°C) is higher than

mean annual temperature at the North stations{-6=C).

Dust observations in S Iceland reported high meBrwind velocity of 13.6 m% where the
maximum mean of 15.6 ifsvas during the 1980s and the minimum of 11.9 theing the
2000s (Figure 5B). Extreme DE winds exceeding 30 otcurred mainly in the 1960s and
the 1970s. The mean DE wind velocity in NE Icelavas 10.3 mi$ with the maximum of
11.9 m§ during the 2000s and the minimum of 8.6 'mm the 1980s (Dagsson-
Waldhauserova et al., 2013).

The most common wind direction during dust eventS iiceland was N-NE, mainly reported
from the stations Ho6fn, Hella, Vatnsskardsholarkfibaejarklaustur, Storhofdi, Eyrarbakki,
Vik, Thingvellir, Hjardarland, Keflavik, and Reykj& (Figure 6). Dust events were often
observed from the wind direction ENE (Haell, Vak@ssisholar), E-ESE (Storhofdi,
Vatnsskardsholar, Thingvellir, Reykjavik, KeflavikNW-NNW (H6fn), and W-WNW
(Vatnsskardsholar). The DE wind directions in NEldnd were predominantly SW-S and
SSE-SE (Dagsson-Waldhauserova et al., 2013).

3.2.2. Seasonal patterns in meteorological parameters of dust events

Seasonal variability in temperature and wind veéjocuring dust events in S Iceland is
depicted in Figure 7. The DE mean temperaturescioli@r-May period are several degrees
lower than the long-term monthly temperatures (Brgh June-August period). Generally, the
DE temperature in S Iceland was about 1.7°C lowan the long-term mean. Contrarily, the
DE temperatures in NE Iceland were about 3°C higih@n monthly long-term temperatures

(Dagsson-Waldhauserova et al., 2013).

The DE wind velocities were significantly higher1% ms') than long-term monthly wind
velocities (Figure 7B). The highest DE winds in ¢&land were from December to April
while the lowest DE winds occurred in summer (J8e@tember). This corresponds to the
long-term monthly wind velocity trends. The mean Wiad velocity was 7.7 mshigher than

long-term mean wind velocity. The difference wassm@ronounced during the winter

7
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months. The predominant winds during months of desq dust events were NE and NNE
winds in March and April (Figure 8). The DE windsMay were also N and NE winds, but
high proportion of E and ESE winds occurred durthuggt eventsin NE Iceland, the DE
winds were about 4-7 ritdigher than long-term means with maxima in May Segtember-
October (Dagsson-Waldhauserova et al., 2013). Gépethe DE winds were about 3 ths

lower in NE than S Iceland.

3.2.3 Dust event classification and meteorology

Reported dust events were of different severityew&¥mo atmospheric dust measurements are
available, visibility during dust observation issdsto estimate the dust event severity. Table 2
describes the dust event classes based on thdityisibnges. The most frequent were dust
observations of “Suspended” and “Moderate susperdiest” (NE 73%; S 59%) with
visibility 10-70 km, “Severe” and “Moderate haz®lE 24%; S 32%) with visibility 1-10 km,
and “Severe” and “Moderate dust storm” (NE 3%; S) %%th visibility < 1 km. There were

32 “Severe Dust Storms*“ (visibility < 500 m) obsedvin Iceland (14 in NE mostly in the
1950s, 18 in S mostly in the 2000s).

The DE severity increased with the DE wind veladiyt the DE temperature decreased with
the DE severity, except for “Moderate dust stormtarded mostly at the Vik station in S
Iceland (Table 2). The parameters show that duettevn southern part of Iceland were more

severe than in NE Iceland.

Most of the dust classes in S Iceland occurred pnilAand May. Severe dust storms were
most frequent in March and January at Vik, Hellakiibaejarklaustur, Heell, Eyrarbakki and
Vatnsskardsholar stations. The station Vik locaiely about 10 km from the Myrdalssandur
dust source reported the mean DE visibility of 2 kwdicating very severe dust events.
Following stations with the lowest mean DE visiyilivere Raufarhofn (NE, 15 km), H6fn
(18.3 km), Kirkjubaejarklaustur (20.1 km), Storho{@0.4 km), and Hella (21.1 km). The
highest mean DE wind velocity was measured at thst mindy station Storhofdi (22.6 i)s
while the lowest mean DE winds were at the stafibimgvellir. Thingvellir recorded also the
highest mean DE temperature (8.5°C) in S Icelahe. [bwest DE temperatures were in H6fn

(-2.3°C) located downwind Vatnajokull glacier.

About 18 % of dust days in S Iceland were obseateshore stations in the same time (two
stations: 12.5 %, three stations: 3.4%, four or enstations: 1.5%). Dust co-observations

8
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were mostly in Kirkjubaejarklaustur and Ho6fn, Kirkgejarklaustur and Vatnsskardsholar, and
Kirkjubaejarklaustur with Hella. The Reykjavik stati observed dust together with Hella or
Thingvellir.

3.3 Relationship between PMyp concentrations and visibility

Hourly PMyy concentrations were compared with correspondisgpnity data during dust
observations at available stations. Higher conatabetween dust concentration and visibility
by power function fitting was found at the statigik (R?=0.73, n=13) and Vatnsskardsholar
(R?=0.48, n=219, Fig. 9A and B) than at the statiomyKRavik and Kirkjubaejarklaustur
(RP<0.3, rkevk=204, mrx=51). Weak relationship between RMconcentrations and
visibility during dust codes (R0.3) was found at the stations Reykjavik and
Kirkjubaejarklaustur. Figure 9C shows visibility afl available dust codes plotted against
corresponding PM concentrations together at all stations. Powectfan analysis resulted in
moderate correlation fR0.37, p<0.01). Daily dust concentrations from ttigh-volume
Filter Aerosol Sampler at Storhofdi during 1997-2@Mhd 2010 were well correlated with the
24-hour minimum visibility (R=0.71, Figure 9D).

4 Discussion

An annual mean of 34 dust days recorded in Icelarmbmparable to dust studies from the
active parts of China (35 dust days'yQian et al., 2002), Mongolia (40 dust days,yr
Natsagdorj et al., 2003), and Iran (Jamalizadehl.e2008). The synoptic coding protocols
can, however, contribute up to 15 % underestimatain annual dust day number
(O’Loingsigh et al., 2010). Moreover, synoptic cod#-06 showed a good agreement with
increased PNy concentrations (about 80 % of these codes mataiedated PM10).
Including these codes into the criteria for dusseshation, the annual mean dust-day
frequency would be fourfold higher than applyingieentionally used dust codes for crustal
deserts. This results in a total of 135 dust dayrsypar on average for Iceland with 101 dust
days observed in S Iceland and 34 dust days indgland. Such high frequency shows that
active volcanic and glacial deserts, such as Ickeldiffer to the crustal deserts, because of
permanent input of volcanic materials, frequensuspension of these materials and the
climatic effects of glaciers causing strong dowpslowinds. High numbers of dust
observations presented here reflect previous stushewing high dust deposition rates in

9
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Iceland (Arnalds, 2010; Prospero et al., 2012; &hosdottir and Arnalds, 2012; Bullard,
2013; Arnalds et al., 2013; Arnalds et al., 2014d @laces the country among the important
dust production areas of the world. Iceland isllikbe largest and most active high-latitude

cold dust source.

Trends in global dust emissions show high dustueegy during the 1950-1960s and low
frequency during 1980s in the USA, Australia andn@las well as in Iceland (Steenburgh et
al., 2012; Ekstréom et al., 2004; Qian et al., 2002e 2000s were reported as the most active
decade in Iran and in NE Iceland (Jamalizadeh.e2@08). Dust periods retrieved from the
ice-cores data during GISP2 project in Greenlandetate with the NE Iceland dust
frequency 1950-1990 (Donarummo et al., 2002).

Generally, the period 1950-1965 was warm and dryceland resulting in frequent dust
suspension (Hanna et al., 2004). For NE Icelangl,dinistiest year was 1955 with 37 dust
days, and it coincides with one of the warmest dnelst years in NE Iceland (Hanna et al.,
2004). For the southern part of Iceland, the mostyctive dust event period was during
1965-1968. It was a period of below-average préatipn reported at stations Reykjavik,
Stykkisholmur and Vestmannaeyjar (Hanna et al.420tile 1965 was the driest year in SW
Iceland for the past 100 years. The 20th centagnwperiod in Iceland (1920s-1965) ended
very abruptly in 1965 with about 1°C drop in meamwaal temperature (Hanna et al., 2004).
The most exceptional year was, however, the yeé6 Mith 40 dust days reported in S
Iceland. Not only was October 1966 reported asditest October in Icelandic history, but
also February 1966 in Reykjavik. Together with extely strong maximum winds of more
than 40 ms, the meteorological conditions in February 1966sea at least 11 days of
extremely severe dust storms. Local newspaper tegbgeveral large roofs removed from the
houses, ships tore away from the harbors and ptanesd around (Morgunbladid, 1966).

The seventies were cold with high precipitationt swong winds were often observed in S
Iceland bringing the dust into suspension. The $9&0d 1990s were cold and with high
precipitation in S Iceland while the 1990s were iwan the NE (Hanna et al., 2004). High
frequency of dust events in NE Iceland during tb8@@ was associated with dry and warm
Junes. High number of dust days in S Iceland in020as often because of resuspension of
volcanic ash from the Eyjafjallajokull eruption thg very frequent northerly winds (Petersen
et al.,, 2012). The annual differences in dust eweguency do not correspond to trends of
the global climate drivers such as the North Atta@tscillation (NAO), the Arctic Oscillation

10
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or prevailing ocean currents (Dagsson-Waldhauseebwah, 2013). The main driver is likely
an orthogonal pattern to NAO, the dipole of SeadldRressure (SLP) oscillation oriented
east-west (Dagsson-Waldhauserova et al., 2013).

The position of the Icelandic low determines whettlest plumes travel in a northeast or
southerly direction. Strong winds in Iceland arm@dt always associated with extratropical
cyclones with strong precipitating systems (front§)nder such circumstances, there is, in
general, only dry weather on the downstream sidbetentral highlands of Iceland, and this
is where the dust is suspended. Higher frequendysawerity of DE (low visibility and high
wind speeds) in S Iceland than in NE Iceland igllikdue to the close proximity of the S
stations to the dust sources, higher number of naijst sources, as well as higher number of
the stations in the South (Figure 1, Table 2). Gnensstadir station (NE) is > 100 km from
the Dyngjusandur source while the southerly statiare in range of tens of km from the
sources. Dust deposition rates and DE severityedser exponentially with distance from the
source (Arnalds et al., 2014). This may lead toewestimation of dust events in S Iceland
because the stations, located close to the sowares0t able to capture fully developed dust
plume, but only the initiation part of the plumetending several km in width. The dustiest
weather station, Grimsstadir, is located at gréstdce downwind of the most active glacial
plain in Iceland, Dyngjusandur, N of the Vatnajdkglhcier, and it captures high number of
dust events. On the other hand, many dust eveptsraty are not detected, as dust is often
blown directly to the sea from the sources closé¢hto southern coastline (Myrdalssandur,
Skeidararsandur). However, the most active statawasequally distributed around the areas
with very high dust deposition (Arnalds, 2010) frdme central NE, SE, S to SW Iceland. The
land reclamation activities from the 1950s and BE({@rofts, 2011) resulted in decreased dust

activity at the stations Hella and Hofn (Figure 2).

The local dust sources in S Iceland are also a&febly milder oceanic climate during the
winter while the NE highland dust sources are ceddyy snow for much of the winter. The
DE temperatures were higher in NE Iceland than &atal as the events occur during
summer-autumn and warm geostrophic southerly wihds cause the dust events in NE
Iceland. Table 2 shows low DE temperatures in $ahgk which point to frequent winter-
spring dust occurrence and cold strong northerlydwicausing dust events in S Iceland. The
mean wind speeds are variable each month in S &dicéland. In S Iceland, the highest

wind speeds were related to the winter months apdl,Awhile in the NE Iceland, the

11
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windiest months were May/June and September. Ase¢hmonths of high winds correlate
with high dust frequency. The northerly winds, ticaused dust events in S Iceland, were
stronger than the winds in NE Iceland, which aBdbe results in Table 2.

The visibility during dust observations reflect® theverity of the dust events. There is an
increasing trend in DE visibility through the deeadwith the maxima in NE as well as S
Iceland in the 2000s (Fig. 2). However, most ofgheere dust storms with visibility < 500 m
occurred in S Iceland in the 2000s. These sevese storms were related to frequent re-
suspension of volcanic ashes at the station Vikated downwind the Eyjafjallajokull
volcano, in 2010. The increase in dust frequencyhim 2000s was coincident with dust
visibility increase. The 2000s was a warmer decad&eland compared to the previous
decades, 1970s-1990s. This may indicate less audjlaf fine materials susceptible to dust
production determined by changes in flow rate ajomglacial rivers in the 2000s, but the

reason remains unclear.

The seasonal distribution of dust events in Icelahdws that the high dust period is from
March to October. The NE dust events are typicablym, occurring during summer/autumn
(May-September) while the S dust events are mainlg, occurring during winter/spring
(March-May). This is related to the SLP pattern athcontrols the warm southerly winds in
NE Iceland as well as the cold northerly winds itc&and (Bjornsson and Jonsson, 2003).
The S dust events were, however, more equallyilgiséd during the year. The winter season
is related to mild temperatures and high winds inc8and. Relatively high mean dust
concentrations were measured during winter (JarcMaat station Storhofdi (Prospero et al.,
2012). The winter cold dust storms were frequeollgerved also in Mongolia (Natsagdorj et
al., 2003). The highest number of dust storms gedun March-May while the mean March-
April temperatures were sub-zero. The predominantisvduring dust events were NE and
NNE winds in March and April, when the mean winéegps were about 15 rit.sThe DE
winds in May were also frequently N and NE windst bigh proportion of E and ESE winds
occurred during dust events. In May, the wind speedre lower than in March and April,
but the high dust occurrence was likely causedtduiee dry conditions. May is the driest and
dustiest month in Iceland while June and Septeratethe driest months only in NE Iceland
(Hanna et al., 2004; Dagsson-Waldhauserova e2@l.3). The DE wind speeds in S Iceland

decreased further during the summer/autumn asaselummer months were typically with
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high precipitation. This trend was followed by mhpiecrease in dust frequency from June to

September in S Iceland (Figure 4).

The processes responsible for dust events in Idelesseveral. The main drivers were strong
winds during periods of low precipitation, enhantsdimited water holding capacity of the
materials and rapid drying of the dark-colour scefa Dust events in NE Iceland occur
mainly during summer when the highland dust souesessnow-free, under relatively mild
temperatures, while in S Iceland, the dust eveatsimed also during very low and sub-zero
temperaturesNevertheless, dust events can be observed alsogdinigh precipitation
seasons < 4 hours after the rain (Dagsson-Waldhauset al., 2014). For instance, even the
highest precipitation year 1972 had a relativelghhdust frequency. The majority of dust
events reported in this long-term study were olesgeduring strong winds.

Visibility during dust observations is an importainidicator of dust event severity. To
estimate the empirical relationship between vigibhnd dust concentration in Iceland, we
compared available Pjglconcentrations with visibility based on methods\Vwang et al.
(2008). We found moderate correlation’€R.37, p<0.01) between dust concentrations and
visibility which was likely due to several factoi}:visibility was not measured but observed
visually and only the prevailing visibilityp£180°) recorded; ii) generally low number of
measurements, iii) the stations were located ifeidint distance of each other, iv) time
resolution between the dust and weather measursmantl v) station Reykjavik with
majority of the measurements was influenced byrapthgenic aerosols. More observations
are therefore needed to obtain large dataset fahefu quantitative analyses including
estimation of extinction coefficients from the PjMnass concentrations based on the mass
scattering efficiencies to be investigated in d¢tdand and Malm, 2007).

The relationship between available RMoncentrations and visibility during dust events
showed lower PNy concentrations for low visibilities (< 1 km) thaexpected (see
calculations in Dagsson-Waldhauserova et al., 201&landic data, similarly as the
Australian data from the Red Dawn dust storm (Letyal. 2011), consist of relatively high
number of PM measurements of low dust visibilife$00 m). Contrarily, PM measurements
of such low dust visibilities are rare in the Cliaestudy (Wang et al., 2008). The power
function calculated for the PM concentration ansibility in the Chinese study resulted in
extremely high concentrations for low dust visiié in steppe areas. The calculated PM

concentrations from visibility in NE Iceland werarfly estimated from these steppe areas
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and therefore overestimated (Dagsson-Waldhausezova. 2013). The first results here,
based on the fit functions between the visibilitydaPM, concentrations from Southern

Iceland, were comparable to the PM concentrationang dust event conditions on

Australian sand plains, sandy areas of the Taklam&esert and marginal parts of the Gobi
Desert (Wang et al. 2008, Leys et al. 2011).

This study on long-term dust frequency showed Hdgkt day frequency in volcanic and

glacial deserts of Iceland. Several dust plumgstucad by the Moderate Resolution Imaging
Spectroradiometer (MODIS) at the Terra satelliteceeded 1000 km travelling towards
Europe, North America and Arctic. Further, it wadcalated that dust is deposited over 370
000 knf oceanic area around Iceland, carrying 6-14 miltons of dust (Arnalds et al.,

2014). The dust contains high amounts of bioavkslabn. Our data showed that the majority
of the dust is transported in early spring in seuthparts of Iceland. Oceanic biochemical
cycles and productivity might therefore be affected local aeolian processes. We also
emphasize here that high dust event frequencyamgange transport of Icelandic dust may
affect the environment and climate on macro sdatandic dust aerosol should be included

in climate projections as well as in the Europeaah Arctic air pollution studies.

5 Conclusions

This study of long-term dust observations in Icdlashowed that dust-day frequency in
Iceland can be comparable to the major desert arg¢he world. It was found that dust events
often occurred during winter and at sub-zero terupees. Observed dust events were more
severe in southern part of Iceland than in NE loglanost likely because of close proximity
of the southerly weather stations to major dustesi The highest frequency of dust events
was during the 1960s in S Iceland while most oft dwents in NE Iceland occurred during
the 2000s. The highest number of severe dust storisibility < 500 m) was observed in
southern part of Iceland during the 2000s. Monigrdust frequency in active volcanic and
glacial deserts requires including synoptic codws“Yisibility reduced by volcanic ashes”
and “Dust haze” into the criteria for dust obseiwat There was a moderate correlation found
between available PMconcentrations and visibility during the dust obaéions in Iceland.
More synchronised dust and weather measurementsharefore needed. Iceland can be
considered as the largest and most active desgrast source at the boundary of the Arctic

and Sub-Arctic region.
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Table 1. Weather stations in Iceland reporting pyicoobservations. Observation period,
number of dust observations, dust days and dust petyyear are included. Stations are listed

in descending order from the highest number of dags.

Station Observation Dust days Dust Dust daysyr™
period observations

Grimsstadir 1949-2011 791 1685 12.6
Hofn 1949-2011 243 575 3.9
Vatnsskardsholar 1949-2011 234 408 3.7
Eqgilsstadir 1949-1998 192 386 3.8
Hella 1958-2005 179 368 3.7
Kirkjubaejarklaustur  1931-2011 158 274 2

Storhofdi 1949-2011 118 204 1.9
Haell 1949-2011 94 132 1.5
Hveravellir 1965-2004 91 124 2.3
Eyrarbakki 1957-2011 80 120 1.5
Vik 1961-2011 76 96 1.5
Keflavik 1952-2011 68 96 1.1
Vopnafjordur 1961-2011 64 83 1.3
Thingvellir 1949-1984 56 81 1.6
Reykjavik 1949-2011 41 70 0.7
Raufarhofn 1949-2011 41 61 0.7
Hjardarland 1990-2011 38 56 1.7
Sidumuli 1949-2011 30 37 0.5
Akureyri 1949-2011 26 26 0.4
Galtarviti 1953-1994 15 16 0.4
Stadarholl 1961-2011 12 15 0.2
Stykkisholmur 1949-2011 9 13 0.1
Reykholar 1961-2004 8 9 0.2
Kollaleira 1976-2007 5 7 0.2
Blonduos 1949-2003 5 6 0.1
Natabu 1949-2004 3 4 0.1
Blafeldur 1998-2011 2 2 0.1
Bergstadir 1978-2011 2 2 0.1
Hornbjargsuviti 1949-2004 1 1 0.02
Reykir i Hrutafj. 1997-2011 1 1 0.1
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Table 2. Dust event classification based on vigybdriteria. Frequency of dust events, mean

wind velocity, mean temperature, and annual nundfedlust days of each dust class are

included. S represents southern part and NE natéeapart of Iceland.

Dust event class Visibility (km)  Frequency (%)  \Wivelocity (ms)  Temperature (°C) Number of dust days yr
S NE S NE S NE S NE
Severe dust storm <0.5 12 <1 15.7 16.2 -1.7 8.4 03 0.2
Moderate dust storm 0.5-1.0 35 2 136 149 4.19.4 11 05
Severe haze 1.0-5.0 14 10 150 13.0 1.1 106 3.2
Moderate haze 5.0-10.0 17 13 147 113 1.7 109 4.1 3
Suspended dust 10.0-30.0 42 46 135 9.9 3.0.6 10 10 10
Moderate susp. dust 30.0-70.0 16 27 11.7 10.2 310.0 6 7
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Figure 6. Wind directions (WD) during dust evenmtssouthern part of Iceland in 1949-2011.
Weather stations that observed mainly WD 0-18° fnH&yrarbakki, Kirkjubaejarklaustur,
Storhofdi, Thingvellir;, WD 18-36°- HOoOfn, Vatnsskatiblar, Hjardarland, Reykjavik,
Keflavik; WD 36-54°- Hella, Vatnsskardsholar, ViWyD 54-72°- Haell, Vatnsskardsholar;
WD 90-108°- Storhofdi, Vatnsskardsholar; WD 270-306Vatnsskardsholar; and WD 306-

342°- Hofn. Dashed circles depict the number ot dbservations reporting relevant WD.
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Figure 7. Monthly mean values (solid lines) of temgiure (A) and wind velocity (B) during
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2011.
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Figure 8. Monthly wind directions (WD) during dustents in southern part of Iceland in
1949-2011. Weather stations that observed mainly \W8° - HOfn, Eyrarbakki,

Kirkjubaejarklaustur, Storhofdi, Thingvellir, WD 18°- Ho6fn, Vatnsskardsholar,
Hjardarland, Reykjavik, Keflavik; WD 36-54°- Helld/atnsskardsholar, Vik; WD 54-72°-
Haell, Vatnsskardsholar; WD 90-108°- Storhofdi, N&skardsholar; WD 270-306° -
Vatnsskardsholar; and WD 306-342°- Hofn. Dashedlasr depict the number of dust

observations reporting relevant WD.
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Figure 9. Hourly PNy concentrations with corresponding visibility aatgins: A- Vik, B-

Vatnsskardsholar, and C - all stations (ReykjaviKik, Vatnskardssholar,

and

Kirkjubaejarklaustur). D represents daily RMoncentrations concentrations from the High-

volume Filter Aerosol Sampler with correspondinghimium 24-hour visibility.
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